The dihydrogen bonds B−H· · ·H−X (X=F, Cl, Br, C, O, N) in the dimer (NH 3 BH 3 ) 2 and the complexes of NH 3 BH 3 with HF, HCl, HBr, H 2 CO, H 2 O, and CH 3 OH were theoretically studied. The results show that formation of the dihydrogen bond leads to elongation and stretch frequency red shift of the BH and XH bonds, except that in the H 2 CO system, the CH bond blue shifts. For (NH 3 BH 3 ) 2 and the complexes of the halogenides, red shifts of the XH bonds are caused by the intermolecular hyperconjugation σ(BH)→σ * (XH). For the system of H 2 CO, a blue shift of the CH bond is caused by a decrease of the intramolecular hyperconjugation n(O)→σ * (CH). In the other two systems, the red shift of OH bond is a secondary effect of the stronger traditional red-shifted H-bonds N−H· · · O. In all these systems, red shifts of the BH bonds are caused by two factors: negative repolarization and negative rehybridization of the BH bond, and decrease of occupancy on σ(BH) caused by the intermolecular hyperconjugation σ(BH)→σ * (XH).
I. INTRODUCTION
Hydrogen bonding is an important weak intermolecular interaction that is extensively present in many chemical and biological processes. The mechanism of hydrogen bonds has received a great deal of attention and has been theoretically and experimentally studied during recent decades. In the traditional hydrogen bonds Y· · · H−X (X and Y are electronegative elements such as F, O, N, Cl, S, C, and so on, and Y can also be a π-electron system) [1, 2] , there are red-shifted H-bonds in which the H−X bond is elongated, stretch frequency decreases, and IR intensity increases; and blue-shifted Hbonds in which the H−X bond is shortened and stretch frequency increases. In most cases, the red-shifted and blue-shifted H-bonds can be successfully explained by the intermolecular and intramolecular hyperconjugations and rehybridization [3, 4] .
The dihydrogen bond is an important, unusual type of hydrogen bond, in which the proton acceptor is the electronegative hydrogen atom or the σ H−M bond in hydrides. Such bonds can be expressed as X−H· · · H−M [5] [6] [7] , where M stands for an element less electronegative than H such as Li, Be, B, Na, and the transition metals W, Mo, and so on. A dihydrogen bond can exist in one molecule or between two molecules, af- * Author to whom correspondence should be addressed. E-mail: aylifnsy@swu.edu.cn fects molecular structures and physical and chemical properties in solution or solid, plays an important role in crystal assembly and supermolecular system, and can be applied in the catalysis, crystal engineering and material chemistry; so investigation of dihydrogen bonds is of great significance. In this work, the dihydrogen bonds B−H· · · H−X (X=F, Cl, Br, C, O, N) between NH 3 BH 3 and a series of small molecules HF, HCl, HBr, H 2 CO, H 2 O, CH 3 OH, and in the dimer (NH 3 BH 3 ) 2 was studied, topological properties of electron density and interaction between molecular orbitals upon formation of the complexes was analyzed, so as to explain formation mechanism of the dihydrogen bonds using current theories.
II. METHODS OF CALCULATION
The monomers and complexes in this work were geometrically optimized at the MP2/6-311++G(d,p), MP2/6-311++G(2df,2p), and MP2/6-311++G(3df,3pd) levels, and the vibrational frequencies were calculated at the MP2 level with the 6-311++G(d,p) and 6-311++G(2df,2p) basis sets, the results with no imaginary frequencies confirm that the optimized structures are local minima in the potential energy surfaces of the studied complexes. Boy and Bernardi's function counterpoise method [8] was used to correct the basis set superposition error (BSSE) in the calculation of the interaction energy. Using the theory of atoms in molecules (AIM) proposed by 3  3  3  3  3  3  3  3  2   3  3  2  3  3  3  3 Bader [9] , we analyze the topological properties of the electron density and discuss the relationship between the electron density, the Laplacian and the dihydrogen bond strength in these systems. All the ab initio calculations were carried out with the Gaussian 03 package, the topological properties of electron density was computed using the AIM2000 program, and the natural bond orbital (NBO) analysis was performed using the GenNBO5.0 programs.
III. RESULTS AND DISCUSSION
A. Geometry, interaction energy, and frequency analysis
The structures of the complexes optimized at the MP2/6-311++G(2df,2p) level are described in Fig.1 . At the MP2 level of theory with the 6-311++G(d,p) basis set, the bond length variation and the X−H· · · H (X=F, Cl, Br, C, O, N) angles are a little smaller and the B−H· · · H angles are a little larger than those with the two larger basis sets. There are both dihydrogen bonds B−H· · · H−X and classical hydrogen bonds X· · · H−N in all the systems. The (NH 3 BH 3 ) 2 dimer has C 2h symmetry and shows two identical bifurcated BH 2 · · · HN dihydrogen bonds, and the complex of H 2 CO has C s symmetry and also shows two identical bifurcated BH 2 · · · HC dihydrogen bonds. As shown in Fig.1 • -135 • ) which are smaller than the H· · · HX angles [6] . The interaction energies of dihydrogen Hbonds are generally 4.18-29.26 kJ/mol, comparable with moderately strong classical H-bonds. In this work, the geometric parameters of all the dihydrogen bond systems are generally consistent with the above conclusion. The bond length variations ∆r and stretch frequency shifts ∆ν of the B−H and X−H bonds in question at the MP2/6-311++G(2df,2p) level are listed in Table I , those results of the other two basis sets agree qualita- tively with these results and have no large difference and so are not listed. It is found that the B−H bond involved in the dihydrogen bond in NH 3 BH 3 is elongated and its stretch frequency is red shifted in all the complexes due to the formation of the dihydrogen bond. Similar to the classical H-bond, the X−H bond of the proton donor is elongated and its stretching frequency is red shifted except for the NH 3 BH 3 · · · H 2 CO complex where the C−H bond is shortened and blue shifted. The red shift of the X−H bond decreases in the order of the proton donor HF, HCl, HBr, H 2 O, NH 3 BH 3 , and CH 3 OH.
The interaction energy δE with the BSSE correction, the BSSE corrections δ(BSSE) and the 0 K dissociation energy D 0 =−δE−δ(ZPE), where δ(ZPE) is the zero point energy correction, of all the complexes are listed in Table II . The interaction energy δE shows the strength of the hydrogen bonding, but the 0 K dissociation energy D 0 shows the stability of the formed complex. The interaction energy in these systems is large due to the formation of both the dihydrogen bond and classical H-bond. δE and D 0 increase and δ(BSSE) decreases gradually with increase of the basis set. δE decreases in the order of the proton donor NH 3 BH 3 , CH 3 OH, HF, H 2 O, H 2 CO, HCl, and HBr, being in line with the order of the total strength of the classical Hbond and the dihydrogen bond. Since in each complex there exist simultaneously a classical H-bond and a dihydrogen bond, the relative strength of the dihydrogen bonds (and also that of the classical H-bonds) for different systems can not easily be analyzed directly by use of the interaction energy, but in general, the H· · · H distance in the dihydrogen bonds BH· · · HX can be used as a crude criterion of the strength as we do above. In addition, the electron density at the bond critical point (BCP) between H· · · H can also be a criterion judging the strength of dihydrogen bond, but extensive study must be carried out before this criterion works precisely. The AIM theory proposed by Bader [9] investigates the topological properties of the electron density and associates the properties of a molecule with its constituent atoms' properties. Based on the topology of electron density, Bader proposed a definition of H-bond that in the H-bond Y· · · H−X, there are one BCP and two bond paths between H and Y. Popelier et al. proposed eight criteria to characterize a Y· · · H−X H-bond as follows [10, 11] In order to understand the nature of these dihydrogen bonds, we investigated the topological properties of electron density at the MP2/6-311++G(d,p) level. The results are listed in Table III , including the electron density ρ c and the Laplacian ∇ 2 ρ c of the electron density at the H· · · H BCP; variations ∆r n of radius of the basic electronegative hydrogen H n in the HB bond in- Table IV . Contour lines of electronic density of four typical complexes are given in Fig.2 , where the triangles and rectangles stand for BCPs in and out of the plotting plane, and the smaller triangles and circles stand for the (3, −3) critical points (nuclei) in and out of the plotting plane, respectively. For NH 3 BH 3 · · · H 2 CO and (NH 3 BH 3 ) 2 , the plotting plane is the symmetry plane of the complex, and for the other systems the plotting plane is the plane of the X, H n and H p .
According to the results of topological analysis of electron density, in (NH 3 BH 3 ) 2 (C 2h ) and NH 3 BH 3 · · · H 2 CO (C s ), there is a BCP not between H· · · H, but between B· · · H, which implies the formation of the bifurcated dihydrogen bond B−H 2 · · · H−N(C); in the other complexes, the existence of the H· · · H BCP implies the formation of the dihydrogen bond B−H· · · H−X. In all the complexes except for (NH 3 BH 3 ) 2 , there exists a BCP between N· · · H, which implies the formation of the classical H-bond N· · · HX (X=F, Cl, Br, O). Table III shows that in the complexes, ρ c and ∇ 2 ρ c at the H· · · H BCP falls in the ranges of Popelier and increases in the order of the proton acceptor H 2 O, CH 3 OH, HBr, HCl, and HF. This order is approximately consistent with the decreasing order of the H· · · H distances, and with the increasing order of strength of the dihydrogen bonds. In the free proton donor HX, the protonic H p is electropositive, and in the free proton acceptor BH, the basic H n is electronegative; upon formation of the complexes, the protonic H p loses some electron density to become more electropositive and its volume decreases. In addition, the formation of the dihydrogen bonds leads to an increase of the energy and decrease of dipolar polarization of the protonic H p , and mutual penetration of the H p and H n atoms (∆r<0, ∆r=r−r 0 , r is the bonded radius in complexes, r 0 is the nonbonded radius in monomers) [12] . All these properties satisfy Popelier's criteria, which implies that these dihydrogen interactions have topological characteristics of electron density of typical H-bonds.
In the NH 3 BH 3 · · · H 2 CO and (NH 3 BH 3 ) 2 complexes, although the intermolecular BCP is not placed between H(B) and H(X=C, N), but between H(X) and B due to formation of the very bent bifurcated dihydrogen bond BH 2 · · · HX, the increase of atomic net charge and total atomic energy, and the decrease of atomic volume and dipolar polarization, of the acid hydrogen atom, are consistent with Popelier's criteria. Therefore, these intermolecular interactions can also be classified as dihydrogen bonds. Table IV shows that the formation of the complexes leads to a decrease of electron density at the BCPs of HX and BH bonds involved in the dihydrogen bond, which is consistent with the fact that the X−H and B−H bonds are elongated and weaken and their stretch frequencies red shift due to the formation of dihydrogen bond NH 3 BH 3 · · · H−X. An exception is the BH· · · H 2 CO complex, where an increase of ρ c (CH) is in line with the blue shift of the CH stretch frequency. In addition, because of the correlation between electron density at the BCP, bond strength, and occupancies in the bonding and antibonding molecular orbitals of a covalent bond, decrease (increase) of electron density at the BCP implies that the occupancy in the antibonding molecular orbital increases (decreases) or the occupancy in the bonding orbital decreases (increases). In the traditional H-bonds, the electron density transfer is from a lone pair orbital to an antibonding HX bond, so only occupancy of the antibonding orbital changes; but in the dihydrogen bond, the electron density is transferred from a σ(BH) bonding orbital to a σ * (XH) antibonding orbital, so the occupancies both in the σ(BH) bonding orbital and the σ * (XH) antibonding orbital change. Here, upon formation of dihydrogen bond B−H· · · H−X, decrease of the electron density at the BCPs of HX and BH bonds implies decrease of occupancy in the σ(BH) bonding orbital and increase of occupancy in the σ * (XH) antibonding orbital, which confirms that intermolecular electron density transfer is from σ(BH) to σ * (XH). In the NH 3 BH 3 · · · H 2 CO complex, the increase of ρ c (CH) implies a decrease of occupancy in the σ * (CH) orbital. These conclusions are consistent with the NBO analysis in the next section.
C. NBO Analysis
In order to explore mechanism of these dihydrogen bonds, we performed NBO analysis for all the complexes and monomers at the MP2/6-311++G(d,p) level. The results are listed in Table V , including variations of the natural atomic charge: δq(B), δq(H n ), δq(X) and δq(H p ), changes of occupancies in NBOs: δ(σ(BH)), and δ(σ * (XH)), changes of the s-characters and polarization percentages of the B and X hybrids for the BH and XH bond involved in the dihydrogen bond: δ s (B), δ pol (B), δ s (X) and δ pol (X), electron density transfer (EDT) from the proton acceptor NH 3 BH 3 to the donor, and hyperconjugation energies E 1 =E(σ(BH)→σ * (XH)) and E 2 =E(n(X)→σ * (NH)). Alabugin et al. supposed that all kinds of red-shifted and blue-shifted H-bonds could be explained by the two concepts of hyperconjugation and rehybridization [3] . Hyperconjugation weakens and elongates the X−H bond with concomitant red shift of stretch frequency; rehybridization is a shortening effect on the X−H bond. Balance of hyperconjugation and rehybridization determines red or blue shift of the formed H-bond.
For the NH 3 BH 3 · · · HX (X=F, Cl, Br) complexes, X becomes more electronegative and the protonic H p becomes more electropositive, so the XH bond becomes more polarized and concomitantly has rehybridization such that the s-character of X-hybrid and polarization percentage on X hybrid of (XH) have relatively large increments. This repolarization and rehybridization will lead to contraction of the HX bond. On the other hand, the intermolecular hyperconjugation E(σ(BH)→σ * (XH)) is large, and there is large electron density transfer from σ(BH) of NH 3 BH 3 to σ * (XH) of HX, which leads to elongation of the HX bond. The elongation due to intermolecular hyperconjugation is much larger than the shortening caused by rehybridization, so ultimately the HX bond is red-shifted. Since E(n(X)→σ * (NH)) is small, there is only small electron density transfer from n(X) of HX to σ * (NH) of NH 3 BH 3 , so the total EDT is from NH 3 BH 3 to HX. The (NH 3 BH 3 ) 2 dimer is similar to NH 3 BH 3 · · · HX (X=F, Cl, Br), the only difference is that the formed dihydrogen bond is bifurcated, such that the intermolecular hyperconjugation is relatively small, but still enough to form a red shifted dihydrogen bond.
For NH 3 BH 3 · · · H 2 O and NH 3 BH 3 · · · CH 3 OH, repolarization and rehybridization of the OH bond are smaller than but similar to the above systems. However, the intermolecular hyperconjugation σ(BH)→σ * (XH) is small but n(O)→σ * (NH) is large, so total electron density is transferred from HX to NH 3 BH 3 . The classical H-bond O· · · HN, stronger than the dihydrogen bond BH· · · HO, is the main intermolecular interaction, the red shift of OH bond is a secondary result of the stronger traditional red-shifted H-bonds N−H· · · O, since the formation of this traditional H-bond leads to deflection of electron density of OH bond towards O atom and weakens the OH bond with concomitant red shift. Here, we found that when in a system several H-bonds with different strength coexist and compete with each other, the current theories are mainly used to explain the strongest H-bond, and not to explain the other weaker H-bonds. NH 3 BH 3 · · · H 2 CO is similar to the above two systems, the only difference here being the existence of the intramolecular hyperconjugation n(O)→σ * (CH). In order to form strong traditional red-shifted H-bond N−H· · · O, the intramolecular hyperconjugation E(n(O)→σ * (CH)) in H 2 CO decreases from 109.31 kJ/mol to 90.25 kJ/mol, which causes some electron density on σ * (CH) flowing back to n(O) such that δ(σ * (CH))<0 and δ(n(O))>0, consequently the CH bond contracts and its stretch frequency increases.
The NBO analysis shows that the net charges of both electropositive H p of the proton donor and electronegative H n of the proton acceptor increase due to formation of dihydrogen bonds, so electrostatic interaction plays an important role in the dihydrogen bond. In all these complexes, H n becomes more electronegative, and concomitantly B in the HB bond has negative rehybridization such that the s-character of the B-hybrid and polarization percentage on B hybrid of the BH bond have relatively large decrements. According to Bent's rules [13] [14] [15] [16] [17] [18] [19] , negative repolarization and concomitant negative rehybridization cause elongation and frequency red-shift of the BH bond, which is opposite to the effects of the usual positive repolarization and positive rehybridization. In addition, the intermolecular hyperconjugation σ(BH)→σ * (XH) transfers electron density from σ(BH) to σ * (XH) and causes decrease of electron density in σ(BH), and ultimately also leads to elongation and red-shift of the BH bond. In general, hyperconjugation and rehybridization of the BH bond of the proton acceptor involved in a dihydrogen bond are always opposite to those of the XH bond of the proton donor.
IV. CONCLUSION
We theoretically investigated dihydrogen bonds in (NH 3 BH 3 ) 2 and in the complexes of NH 3 BH 3 with small molecules HF, HCl, HBr, H 2 CO, H 2 O, and CH 3 OH, and found that the dihydrogen bond B−H· · · H−X leads to red shifts of BH and XH bonds except for NH 3 BH 3 · · · H 2 CO where the CH bond blue shifts. There are both dihydrogen bonds and traditional H-bonds NH· · · X except in the (NH 3 BH 3 ) 2 dimer. Dihydrogen bonding causes large positive repolarization and positive rehybridization of the XH bond which contribute to blue shift of the XH bond. For the complexes of the halogenides, the dihydrogen bond is stronger than the traditional H-bond, electron charge density is transferred from NH 3 BH 3 to HX, and large intermolecular hyperconjugation σ(BH)→σ * (XH) leads to a red shift of the XH bond. For the dimer (NH 3 BH 3 ) 2 , there is no charge transfer between the two monomers, the intermolecular hyperconjugation σ(BH)→σ * (NH) transfers some electron density from σ(BH) to σ * (NH) and so leads to a red shift of the NH bond. For the other systems, the traditional H-bond is stronger than the dihydrogen bond, and electron charge density is transferred from HX to NH 3 BH 3 . For NH 3 BH 3 · · · H 2 CO, the blue shift of the CH bond is caused by a decrease of the intramolecular hyperconjugation n(O)→σ * (CH); for the systems of H 2 O and CH 3 OH, the red shift of the OH bond is a secondary effect of the stronger traditional red-shifted H-bond N−H· · · O. In all these systems, elongation and frequency red shift of the BH bond are caused by two factors: negative replorization and negative rehybridization of the BH bond, and decrease of occupancy on σ(BH) caused by the intermolecular hyperconjugation σ(BH)→σ * (XH).
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